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Our ability to identify the sources of cosmic rays and understand how these particles propagate
through the interstellar medium is hindered by the combined effects of the solar wind and its
embedded magnetic field, collectively known as solar modulation. In this paper, we build upon our
previous work to model and constrain the effects of solar modulation on the cosmic-ray spectrum,
using data from AMS-02 and BESS Polar II collected between 2007 and 2012, during which the
heliospheric magnetic field was in a state of negative polarity. Our model uses measurements of
the heliospheric magnetic field and the tilt angle of the heliospheric current sheet to accurately
predict the effects of solar modulation as a function of time, charge, and rigidity. By incorporating
data from a period of negative polarity, we have been able to robustly observe and constrain the
charge-dependent effects of solar modulation.
I. INTRODUCTION
At energies up to the PeV-scale, the cosmic-ray spec-
trum is dominated by particles that are produced by
galactic sources, such as supernova remnants and pul-
sars, as well as through the interactions of primary cos-
mic rays with the interstellar medium (ISM). The spec-
trum of these particles in the local ISM varies little with
time. This is because they originate from a large number
of sources, and most of the volume of the ISM maintains
relatively stable properties (as far as cosmic-ray propaga-
tion is concerned) on the timescales of Galactic cosmic-
ray propagation, typically on the order of ∼10 Myr or
less. As they enter the heliosphere that surrounds the
Solar System, however, cosmic rays are subject to the ef-
fects of the solar wind and its embedded magnetic field,
which are observed to vary significantly over timescales
of months and years. The amplitude of the local helio-
spheric magnetic field has even been observed to change
by as much as a factor of two over the course of a single
day.
At GeV energies, it takes cosmic rays anywhere be-
tween a few months to about a year to travel from the
edge of the heliosphere to the vicinity of Earth. The ef-
fects of the solar wind and the heliospheric magnetic field,
collectively known as solar modulation, are highly time-
dependent and can be clearly observed in the measured
fluxes of cosmic rays with rigidities R ≡ |p|/q <∼ 10 GV
(where p and q are the momentum and charge of the cos-
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mic rays). In this same energy range, the situation is sig-
nificantly complicated by the effects of diffusion, diffusive
reacceleration, convective winds, and electron/positron
energy loss processes in the ISM. In light of these fac-
tors, it has been challenging to reliably study the detailed
effects of solar modulation on the cosmic-ray spectrum.
In this paper, we build upon our previous work [1] (see
also Refs. [2–8]) in an effort to isolate and predictively
model the effects of solar modulation on the cosmic-ray
spectrum.
The impact of solar modulation on the cosmic-ray spec-
trum is given in terms of the potential, Φ, which allows
us to relate the spectrum at Earth to that present in the
local ISM [9]:
dN⊕
dEkin
(Ekin) =
(Ekin +m)
2 −m2
(Ekin +m+ |Z|eΦ)2 −m2
× dN
ISM
dEkin
(Ekin + |Z|eΦ), (1)
where Ekin is the kinetic energy of the particle at Earth,
Ekin + |Z|eΦ is its kinetic energy in the ISM, and the
labels “ISM” and “⊕” denote values in the local ISM and
at the location of Earth, respectively. The quantities m
and |Z|e represent the mass and absolute charge of the
cosmic rays.
In a previous study, we used measurements of the
cosmic-ray proton spectrum from PAMELA, AMS-02,
Voyager 1 and a number of balloon-based experiments
from the 1990s and the 2000s, to produce a predictive,
time-, charge- and rigidity-dependent formula for the so-
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Φ(R, q, t) =φ0
( |Btot(t)|
4 nT
)
+ φ1H(−qA(t))
( |Btot(t)|
4 nT
)
×
(
1 + (R/R0)
2
β(R/R0)3
)(
α(t)
pi/2
)4
, (2)
where |Btot| and A are the strength and polarity of the
heliospheric magnetic field (as measured at Earth), and
α is the tilt angle of the heliospheric current sheet, which
separates the north and south magnetic hemispheres.
These quantities are each time-dependent, and can be
measured independently of the cosmic-ray spectrum. R,
q and β are the rigidity, charge and velocity (as evaluated
in the local ISM) of the cosmic ray, respectively, and R0
is a reference rigidity which we take to be 0.5 GV. H
is the Heaviside step function, which is equal to zero or
unity depending on the sign of −qA.
During periods of positive polarity, positively charged
cosmic rays are able to travel relatively efficiently to
Earth, experiencing only modest energy losses (the same
is true for negatively charged particles during periods
of negative polarity). In contrast, in situations where
qA < 0, cosmic rays lose significantly more energy as they
propagate from the heliopause into the Inner Solar Sys-
tem along the heliospheric current sheet. Furthermore,
while low-rigidity cosmic rays are confined to travel along
the twisting heliospheric current sheet, higher-rigidity
particles are capable of drifting across the sheet (see
Refs. [1, 10, 11] for further discussion), increasing the effi-
ciency of transport into the inner heliosphere and leading
to the rigidity-dependent effect that is represented by the
second term in Eq. 2.
In our previous study, we found that the combined
data supported a value of φ0 = 0.32 − 0.38 GV (at 2σ
confidence), while φ1 was only very weakly constrained
to lie between zero and 16 GV [1]. This model (with the
above mentioned values of φ0 and φ1), allows one to use
the measured quantities of |Btot|, A, and α to predict
the value of the solar modulation potential as a func-
tion of time. As can be seen in Fig. 1, however, there are
large uncertainties associated with the predictions of this
model. In this figure, we show the cosmic-ray hydrogen
spectrum (which includes both protons and deuterons)
as measured by AMS-02 during three representative Bar-
tels’ Rotations (approximately 27-day periods, associated
with the apparent rotation of the Sun about its axis).
These measurements are compared to the spectrum pre-
dicted by our model during each Bartels’ Rotation, in-
cluding light blue bands which represent the uncertain-
ties associated with the impact of solar modulation, as
presented in Ref. [1]. Although the data is consistently
in good agreement with the model, the uncertainties are
often quite large. It is the primary goal of this work
to reduce these uncertainties and, more specifically, to
reduce the uncertainties on the parameters φ0 and φ1.
The smaller dark blue bands shown in Fig. 1 represent
the significantly smaller uncertainties on the impact of
FIG. 1. The cosmic-ray hydrogen spectrum (including both
protons and deuterons) as measured by AMS-02 during three
representative Bartels’ Rotations (approximately 27-day pe-
riods, associated with the apparent rotation of the Sun about
its axis). These Bartels’ Rotations (2426, 2436 and 2445) are
associated with periods in May-June 2011, February-March
2012, and October 2012. In each frame, the wider bands (light
blue) represent the predictions of Eq. 2, including the uncer-
tainties associated with the impact of solar modulation, using
the determination of φ0 and φ1 from our previous work [1].
The narrower bands (dark blue) represent the significantly
smaller uncertainty ranges based on the determinations of φ0
and φ1 obtained in this study. Also shown are the central pre-
dictions of the spectrum, both before (above the bands) and
after (near the center of each band) accounting for the effects
of solar modulation. For the central values of the modulated
spectra, we have adopted φ0 = 0.315 GV and φ1 = 1.5 GV.
solar modulation, based on the determinations of φ0 and
φ1 obtained in this study.
II. METHODOLOGY
In order to test the solar modulation model described
by Eq. 2, and to further constrain the values of the pa-
3FIG. 2. The amplitude of the heliospheric magnetic field, Btot, the tilt angle of the heliospheric current sheet, α, and the bulk
speed of the Solar Wind, in the period between 2006 and 2012. The measurements of Btot and the Solar Wind speed are from
the Advanced Composition Explorer magnetometer [14], while the determinations of the tilt angle are based on the public
model of the Wilcox Solar Observatory [15].
rameters φ0 and φ1, we focus on the period of time pre-
ceding the last polarity flip of the heliospheric magnetic
field, which started at the end of 2012. To this end,
we make use of two data sets. First, we utilize data from
the AMS-02 experiment onboard the International Space
Station, which includes time-dependent measurements of
the cosmic-ray hydrogen flux at rigidities between 1.16
and 10.1 GV [12]. Second, we make use of BESS Polar II
measurements of the antiproton-to-proton ratio, p¯/p. For
BESS Polar II, these measurements are of the cosmic-ray
spectrum between 0.64 and 4.1 GV, and were taken in
December 2007 [13].
The predictive power of Eq. 2 comes from our ability to
independently measure the values of Btot, A and α. From
the values of these quantities, we can directly calculate
Φ for any cosmic-ray species, as a function of rigidity
and time. In Fig. 2, we show the time evolution of the
heliospheric magnetic field amplitude, Btot, as measured
by the Advanced Composition Explorer (ACE ) magne-
tometer [14], as well as the tilt angle of the heliospheric
current sheet, α, as given by the public model of the
Wilcox Solar Observatory [15]. For comparison, we also
plot the bulk wind speed, although this quantity is not
directly used in our solar modulation model.
During periods of negative polarity (including the era
considered in this study), simulations have shown that
negatively charged particles travel from the outer parts
of the heliosphere to the vicinity of Earth through the
poles of the heliospheric magnetic field, experiencing a
typical travel time of a few months. In contrast, posi-
tively charged particles travel predominantly along the
heliospheric current sheet, which simulations show re-
quires about a year for a ∼ 100 MeV proton (see, for ex-
ample, Ref. [10]). This suggests that the values of Btot
and α that are used in Eq. 2 should reflect some sort of
average over a period of months or years. With this is-
sue in mind, we have tested a variety of time-averaging
schemes for Btot and α, including averaging over different
time windows and with different weighting procedures.
To account for the systematic uncertainties associated
with the cosmic-ray spectrum in the local ISM, we have
employed the six models described in Table I. These mod-
els each make different assumptions regarding the in-
jected spectrum of cosmic rays, as well as their diffusion,
convection, and diffusive reacceleration in the galactic
medium. We model the injection and propagation of cos-
mic rays through the Galaxy using Galprop v56, which
numerically solves the transport equation to determine
the flux of primary and secondary cosmic-ray species in
the local ISM [16–19]. These six models each provide
a good fit to the boron-to-carbon ratio as measured by
AMS-02 and PAMELA, the cosmic-ray proton spectrum
as measured by Voyager 1 and AMS-02, and measure-
ments from AMS-02 of the carbon spectrum, helium
spectrum, and the antiproton-to-proton ratio. To mini-
mize the impact of the ISM model on our results, we have
also made use of cosmic-ray ratios which cancel most of
the relevant uncertainties. As we will show in the Sec. III,
our conclusions regarding solar modulation are not sig-
nificantly impacted by our choice of ISM model. Unless
stated otherwise, the results shown in this paper are cal-
culated using model C for the injection and transport of
cosmic rays in the ISM. For the cosmic-ray antiproton-to-
proton ratio, p¯/p, there are also significant uncertainties
associated with the antiproton production cross section
in inelastic proton-proton collisions. We treat these un-
certainties following the procedures described in our pre-
vious work [20, 21].
4Model δ zL (kpc) D0 × 1028 (cm2/s) vA (km/s) dvc/dz (km/s/kpc) α1 Rbr1 (GV) α2 Rbr2 (GV) α3
A 0.33 6.0 6.50 30.0 0 1.75 6.0 2.04 14.0 2.41
B 0.37 5.5 5.50 30.0 2.5 1.72 6.0 2.00 12.4 2.38
C 0.40 5.6 4.85 24.0 1 1.69 6.0 2.00 12.4 2.38
D 0.45 5.7 3.90 25.7 6 1.69 6.0 1.99 12.4 2.355
E 0.50 6.0 3.10 23.0 9 1.71 6.0 2.02 11.2 2.38
F 0.40 3.0 2.67 22.0 3 1.68 6.0 2.08 13.0 2.41
TABLE I. The six models used in this study to describe the injection and propagation of cosmic rays in the interstellar medium
(ISM). These models are each in good agreement with the measured boron-to-carbon ratio, proton spectrum, and a variety of
other cosmic-ray data.
FIG. 3. The time variation of the cosmic-ray hydrogen flux (including both protons and deuterons) in five ranges of rigidity, as
measured by AMS-02 between May 2011 and December 2012 (Bartels’ Rotations 2426 to 2447). We compare these measure-
ments to the predictions of our solar modulation model (see Eq. 2), for the best-fit values of φ0 = 0.315 GV and φ1 = 1.5 GV.
Our model provides a good overall description of the time-evolution and rigidity-dependence of the effects of solar modulation.
III. RESULTS
In Fig. 3, we plot the time variation of the cosmic-ray
hydrogen (including both protons and deuterons) flux in
five ranges of rigidity, as measured by AMS-02. These
results are shown for a period of time between May 2011
(when AMS-02 was installed on the International Space
Station) and December 2012 (when the polarity flip of
the heliospheric magnetic field began), consisting of 22
Bartels’ Rotations (2426 to 2447). We compare these
measurements to the predictions of our solar modulation
model (see Eq. 2), for the best-fit values of φ0 = 0.315 GV
and φ1 = 1.5 GV. For the values of Btot and α, we use
the time-averaging scheme that was found to provide the
best fit to the data. In particular, we take an average
of Btot over a period of 4 Bartels’ Rotations, the most
recent of which is 16 rotations prior to the time of the
measurement. For α, we take an average over the past
20 Bartels’ Rotations. This is discussed further in Ap-
pendix A, where we show results for a variety of other
averaging schemes for Btot and α.
Time delays of this magnitude are not surprising given
that the values of Btot that we input into our model are
those at the location of Earth, and it takes at least half
a year for the magnetic field to propagate to the edge
of the heliosphere (at ∼ 100 AU). These results sug-
gest that cosmic-ray protons traveling through the helio-
spheric current sheet may take about a year to reach the
inner Solar System from the heliosphere. Furthermore,
the observed time delay suggests that the effects of solar
modulation may be most significantly influenced by the
amplitude of the magnetic field in the outer volume of
the heliosphere, and thus most of the energy losses un-
der consideration occur in the early stages of cosmic-ray
propagation through the heliosphere.
The results shown in Fig. 3 demonstrate that our
5model predicts the time- and rigidity-dependence of the
effects of solar modulation quite well. Compared to a
constant flux of cosmic-ray hydrogen, our model (with
φ0 = 0.315 GV, φ1 = 1.5 GV) is preferred at a level cor-
responding to ∆χ2 = 1160. Furthermore, although we
included a set of additional nuisance parameters in the
form of a free normalization coefficient for each of the five
rigidity ranges, the fit prefers values for these parameters
that are each within 1% of unity, demonstrating that our
model (without these additional parameters) accurately
describes the rigidity-dependence of solar modulation.
Despite the successes of our model, there are times in
which it significantly under-predicts the degree of rapid
change in the cosmic-ray hydrogen flux. This is particu-
larly true for the periods corresponding to Bartles’ Rota-
tions 2431, 2434, 2437, 2439 and 2442 (the 6th, 9th, 12th,
14th and 17th error bar from the left in Fig. 3). These
features are not easily explained within the context of our
model, and may be indicative of secondary effects that
cannot be directly inferred from the measured values of
Btot and α.
In Fig. 4, we show the values of φ0 and φ1 that are
preferred by the AMS-02 hydrogen data utilized in this
study. At the 3σ level, this data allows us to constrain
φ0 = 0.210− 0.435 GV and φ1 = 1.15− 1.95 GV. In our
previous work [1], we produced a similar determination
of φ0 = 0.305 − 0.395 GV, but were only able to place
a relatively weak constraint on the charge-sign depen-
dent effects of solar modulation, φ1 <∼ 16 GV (at the 95%
confidence level). In contrast, we have now been able
to strongly confirm the presence of these charge-sign de-
pendent effects, excluding a value of φ1 = 0 at a level of
∆χ2 = 275 (corresponding to ∼ 16σ significance) for the
best-fit 16 Bartles’ Rotation time delay, and ∆χ2 = 108
(∼ 11σ) when the time delay is treated as a free param-
eter (for additional details, see Appendix A).
In Fig. 4, we have also included the constraints on φ0
and φ1 that we have derived from the measurements of
the antiproton-to-proton ratio, p¯/p, by the combination
of the BESS Polar II and AMS-02 experiments. In these
fits, we have restricted our analysis to data above 0.4
GeV in kinetic energy, corresponding to approximately
R = 1 GV, below which our model is less reliable. We
have also marginalized over the local gas density and
the antiproton production cross section. Although our
constraints based on the antiproton-to-proton ratio are
not very restrictive at this time, more sensitive mea-
surements of the time-evolution of this ratio by AMS-
02, and the balloon-based GAPS experiment [22], will
increase the importance of this quantity. Furthermore,
as future measurements reduce the uncertainties associ-
ated with the antiproton production cross section, the
antiproton-to-proton ratio will become an increasingly
powerful probe of solar modulation. In Appendix B, we
show the measured spectrum of the antiproton-to-proton
ratio and compare this to the predictions of our model
for solar modulation.
In Fig. 5, we show constraints on φ0 and φ1, using three
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FIG. 4. In the heat map, we show the constraints on φ0 and
φ1, as derived in this study from the cosmic-ray hydrogen
spectrum (including protons and deuterons) as measured by
AMS-02. At the 3σ level, these parameters are constrained
to φ0 = 0.210− 0.435 GV and φ1 = 1.15− 1.95 GV. The blue
regions represent the constraints presented in our previous
work [1], which only weakly restricted the value of φ1. The
green contour represents the region favored by the measure-
ments of the antiproton-to-proton ratio, p¯/p, by BESS Polar
II and AMS-02.
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FIG. 5. The 2σ contours for the parameters φ0 and φ1, as
found using models A, C, and F to describe the injection
and transport of cosmic rays in the interstellar medium (see
Table I). Variations such as these have little impact on our
results.
different models for cosmic-ray injection and transport in
the ISM (models A, C, and F, from Table I). This figure
clearly demonstrates that such variations have little im-
pact on our results. For the sake of clarity, we have not
shown contours for models B, D, or E. We have tested
these models, however, and found them to yield similar
results, and favor values of φ0 and φ1 which fall within
6FIG. 6. The time evolution of the solar modulation potential,
Φ, as evaluated for cosmic rays of charge q = +1 and at an
ISM rigidity of R = 2 GV. The green line shows the best-
fit model, while the surrounding green band denotes the 3σ
uncertainty range. The vertical band at the far right denotes
the period of the polarity flip of the heliospheric magnetic
field, during which our model should not be applied.
the ranges shown.
Lastly, in Fig. 6, we show the time evolution of the solar
modulation potential, Φ, during the time period consid-
ered in this study (June 2005-December 2012), evaluated
for q = +1 and at a rigidity of R = 2 GV. Over this
period of time, the modulation potential varies by ap-
proximately a factor of two.
IV. CONCLUSIONS
In this study, we have used measurements of the
cosmic-ray hydrogen spectrum from AMS-02, and the
antiproton-to-proton ratio from BESS Polar II, to model
and constrain the effects of solar modulation on the
cosmic-ray spectrum. By utilizing data from a period
in which the heliospheric magnetic field was in a state of
negative polarity, A < 0, we have been able to observe
and much more strongly constrain the charge-dependent
effects of solar modulation.
Building upon our previous work [1], we have used the
expression given in Eq. 2 to model the time-, charge-
and rigidity-dependent effects of solar modulation. This
model utilizes measurements of the heliospheric magnetic
field and the tilt angle of the heliospheric current sheet to
predict the impact of heliospheric forces on the cosmic-
ray spectrum. Compared to a model with a constant so-
lar modulation potential, our model improves the fit to
the AMS-02 hydrogen spectrum at a level correspond-
ing to ∆χ2 = 1160, constituting an overwhelming sta-
tistical preference. We also find clear evidence that so-
lar modulation impacts positively charged particles dif-
ferently from those with a negative charge, supporting
the conclusion that cosmic rays of opposite charge travel
from the outer heliosphere to the Inner Solar System
along different trajectories. More specifically, our results
suggest that during periods of negative polarity, posi-
tively charged cosmic rays propagate from the heliopause
into the Inner Solar System along the heliospheric cur-
rent sheet, requiring about a year and leading to signif-
icant rigidity-dependent effects. In contrast, negatively
charged particles are instead able to travel from the po-
lar directions of the Solar System, reaching Earth more
quickly, and experiencing less energy loss.
We note that our model allows one to accurately
predict the effects of solar modulation for both nega-
tively and positively charged cosmic rays as a function
of time. This is a significant improvement over the
force-field models that are typically employed in
studies of cosmic-ray propagation. Moreover, the
analytic nature of our results enables their usage in
large Monte Carlo scans of the cosmic-ray diffusion
parameter space. We thus strongly recommend the
employment of these models as the standard treat-
ment of solar modulation in cosmic-ray studies. To
this end, we have produced a publicly available tool
(https://bitbucket.org/StockholmAstroparticle/solar-
modulation/), which allows one to straightforwardly and
efficiently calculate the solar modulation parameters.
This tool will be updated as future data and studies
become available.
Our ability to accurately predict the effects of solar
modulation is important for a variety of scientific goals,
including efforts to isolate and understand the impact of
convection and diffusive reacceleration on cosmic rays in
the ISM. Additionally, the observed excess of ∼ 10− 20
GV cosmic-ray antiprotons has received attention as a
possible signal of annihilating dark matter, and the sys-
tematic uncertainties related to the effects of solar modu-
lation are one of the most important factors limiting our
ability to confidently interpret this data [21, 23–28].
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FIG. 7. The 2σ confidence contours on φ0 and φ1 for the four
best-fit schemes for the time averaging of the values of Btot
and α. The labels I, II, III and IV correspond to the 1st, 2nd,
3rd and 4th rows of Table II, respectively.
Appendix A: Time Averaging the Heliospheric
Magnetic Field and Current Sheet Tilt Angle
In Table II, we show our constraints on φ0 and φ1,
for a variety of schemes for time-averaging the values of
Btot and α. For each case, we also show the total change
to the overall quality of the fit to the AMS-02 hydrogen
data. We have considered cases with time delays as large
as 18 Bartles’ Rotations, and averaging windows as large
as 23 Bartles’ Rotations.
As previously stated in the main text, the best fit is
found when Btot is averaged over four Bartels’ Rotations,
16 to 19 rotations prior to the time of the cosmic-ray
measurement. Similarly, the best fit is found when we
average α over the past 20 Bartles’ Rotations. Other
choices pertaining to the averaging of these quantities
yield fits that are often significantly worse, as shown in
Table II). In Fig. 7, we show the favored ranges of φ0
and φ1 for the cases corresponding to the top four rows
in Table II. Note that in all four of these cases, the data
strongly prefer a non-zero value of φ1.
In most of the scenarios we have considered, we have
applied equal weights to each Bartels’ Rotation included
in the average. As a well-motivated alternative, we have
also considered two scenarios with no time delay, but
with greater weighting applied to the most recent mea-
surements of Btot and α. In particular, in 10th line of
Table II, we have adopted weights of 1/(i+ 15) for Btot
and 1/(i+8.26) for α, where i is number of Bartles’ Rota-
tions in the past that a given measurement was taken. A
similar weighting scheme was applied to the model shown
in the 17th line of the Table. Neither of these cases were
found to be favored by the data.
Appendix B: The Antiproton-to-Proton Ratio
In Fig. 8, we show the cosmic-ray antiproton-to-proton
ratio as measured by AMS-02 [29] (left frames) and by
BESS Polar II [13] (right frames), and compare these
results to the prediction of our model, including the un-
certainties associated with solar modulation. In each of
the top frames, we show the uncertainties related to solar
modulation using the constraints on φ0 and φ1 from our
previous work [1], and as constrained in this study. In the
lower frames, we include the current uncertainties asso-
ciated with solar modulation, as well as those associated
with the injection and propagation in the ISM (including
variations in the local gas density), and the antiproton
production cross section [20, 30]. For the BESS Polar II
data, we show the spectrum as predicted during Bartels’
Rotation 2380 (December 2007), while for AMS-02 we
show the spectrum of this ratio averaged over the period
of the dataset shown.
9FIG. 8. The cosmic-ray antiproton-to-proton ratio as measured by AMS-02 [29] (left frames) and by BESS Polar II (right frames).
These measurements are compared to the predictions of our model (solid curves), including the uncertainties associated with
solar modulation. In each of the top frames, we show the uncertainties related to solar modulation using the constraints on φ0
and φ1 from our previous work [1] (larger bands), and as constrained in this study (smaller bands). In the lower frames, we
include the current uncertainties associated with solar modulation, as well as those associated with the injection and propagation
in the ISM, and the antiproton production cross section [20, 30]. For the BESS Polar II data, we show the spectrum as predicted
during Bartels’ Rotation 2380 (December 2007), while for AMS-02 we show the spectrum of this ratio averaged over the period
of the dataset shown.
